The perinuclear theca (PT) of mammalian sperm is a unique subcellular structure encapsulating the nucleus. Compositionally, the PT is made up of at least six prominent polypeptides (60, 36, 31, 28, 24 , and 15 kDa), of which only two have been sequence identified, as well as many less prominent ones. As an ongoing process in unveiling the protein composition of the PT, we have uncovered the sequence identity of the prominent 24-kDa polypeptide (PT24). Initial N-terminal sequence analysis obtained by Edman degradation suggested that PT24 is a RAB2 protein. This was corroborated by mass spectrometric analyses of trypsin-digested fragments of PT24, identifying RAB2A of the RAB2 subfamily as the best sequence match. Quadrapole/timeof-flight analysis identified 72% sequence coverage between PT24 and bull, human, mouse, or rabbit RAB2A. Since a genome search only identified two RAB2 subfamily members, RAB2A and RAB2B, the 72% sequence coverage of PT24 provides assurance that this protein is RAB2A and not a new RAB2 subfamily member. Furthermore, commercial RAB2A antibodies, raised against oligopeptide fragments in the unique Cterminal region of RAB2A, specifically labeled PT24 on Western blot analysis of PT extracts. These anti-RAB2A antibodies, along with immune serum that we raised and affinity purified against isolated PT24, demonstrated at both light and electron microscope levels that RAB2 is associated with the periphery of the growing proacrosomic and acrosomic vesicles in the Golgi and cap phases of spermiogenesis and consequently assembled as part of the PT. This pattern of subacrosomal assembly is reminiscent of the pathway used by SubH2Bv (PT15), another prominent and exclusive subacrosomal protein, indicating a common route for subacrosomal-PT assembly. Traditionally somatic RAB2 proteins are involved in vesicular transport between the endoplasmic reticulum and the cis-side of the Golgi apparatus. Our study suggests an unprecedented direction of RAB2A-mediated vesicular transport in spermatids during acrosomal biogenesis, from the trans-side of the Golgi apparatus to the nuclear envelope.
INTRODUCTION
The perinuclear theca (PT) is a detergent-resistant capsule that surrounds the sperm nucleus, except in the tail implantation region [1] [2] [3] [4] [5] [6] . Apically, the PT resides between the inner acrosomal membrane (IAM) and the nuclear envelope (NE) making up the subacrosomal layer (SAL), while caudally, it resides between plasmalemma and NE making up the postacrosomal sheath (PAS) [7] . The PT is also structurally and compositionally continuous with the outer periacrosomal layer, which is sandwiched between the outer acrosomal membrane (OAM) and plasmalemma in the equatorial region [6, 8] . The structural continuity of the three regions of the PT is retained after Triton X-100 extraction of sonicated and isolated sperm heads [6, 9] . Structural and compositional analysis of the PT during sperm development [10] [11] [12] [13] and fertilization [14] [15] [16] have led to the proposition that the PT can be divided into two functional regions: SAL, which is involved in acrosomal assembly during spermiogenesis, and PAS, which is involved in egg activation during fertilization. Our long-term objectives are to test whether the PT proteins fit these functional categories and what their specific roles are.
The formation of the acrosome during the first half of bull or mouse spermiogenesis can be divided into Golgi and cap phases, distinguished by two different phases of secretory activity by the Golgi apparatus [17] [18] [19] [20] [21] [22] . In the first phase (steps 1-3), the Golgi secretes several small and dense secretory granules rich in a variety of glycoproteins including proacrosin [23] [24] [25] . These proacrosomic vesicles coalesce to form a single larger, dense cored, spherical acrosomic vesicle, which associates with the NE via a proteinaceous layer referred to as the PT. In the second phase (steps 4-7), the acrosomic vesicle (AV) enlarges by fusing with numerous small carrier vesicles originating from the trans-face of the Golgi apparatus. As a result, there is a continual addition of membrane and glycoprotein, allowing the less dense cortex part of the AV to expand over the nucleus and take the shape of a cap. It should be emphasized that the expansion of the acrosomic system appears to be synchronous with the expansion of the underlying PT. We have provided immunocytochemical evidence that SAL-PT proteins get to their subacrosomal destination by coating the proacrosomic and AVs in the Golgi phase of spermiogenesis [7, 10, 13, 26] . In these studies, no PT precursor material on the NE before acrosome-nuclear docking was observed; rather, the PT proteins were on the surface of the AV as it attached to the nucleus. During the cap phase, SAL proteins, such as SubH2Bv [10] , continue to attach to and coat the expanding AV and continue to get trapped between the IAM and NE; in this position, they are well situated as candidate proteins for attaching the acrosome to the nucleus. On this basis, we hypothesize that SAL is assembled from cytosolic proteins that ''piggyback'' on the periphery of emerging AVs, indicative of their involvement in acrosomal formation.
In this study, we sequence, identify, and characterize a new SAL member whose pattern of PT assembly during spermio-genesis supports our piggyback hypothesis. This protein, a RAB2 subfamily member, RAB2A, is implicated in the regulation of vesicular trafficking from the trans-Golgi network to the acrosomal membrane, a direction of trafficking that is not expected for RAB2 proteins, at least in somatic cells. After serving its purpose during spermiogenesis, this protein becomes packaged as a SAL component of the PT, where it remains in mature spermatozoa.
MATERIALS AND METHODS

Isolation of Sperm Heads
Ejaculated bovine semen was kindly donated by Eastern Breeders Inc. of Kemptville, Ontario. The ejaculates were centrifuged at 500 3 g and the resulting sperm pellets dissolved and washed by centrifugation several times in 25 mM Tris-buffered saline (TBS), pH 7.6 at 48C, before suspension in this buffer. Phenyl methylsulphonyl fluoride and protease inhibitor cocktail (Complete, Mini, EDTA-free, Roche, Canada) were then added to the sperm suspension (buffer:sperm is 10:1 v/v) before sonication on ice using a Vibracell sonicator (Sonics & Materials Inc., Danbury, CT). Sonication was repeated at 15-sec bursts with 1-min intervals (usually three times) until .99% of the tails were detached from their heads. Sonication also disrupted the plasmalemma and the acrosome, releasing its contents. The head plus tail supension was then washed twice by centrifugation (as above) and the final pellet was resuspended in TBS containing 80% sucrose, which was ultracentrifuged at 50 000 rpm for 65 min in a 55Ti angle rotor (Beckman, Mississauga, Canada). The sperm heads, which are denser than 80% sucrose, pelleted on the centrifugal side of the centrifuge tube (outside wall) while the sperm tail pellet was on the inside wall (Fig. 1) . The head pellet, which was separated from the tail pellet, was redissolved and washed twice in TBS.
Protein Extraction
The washed sperm head pellet was then exposed to three successive extraction steps consisting of incubations in 0.2% Triton X-100 (1 h), 1 M KCL (1 h), and 100 mM NaOH (overnight) with agitation at 48C (Fig. 1) . After each extraction step, the suspension was centrifuged at 2500 3 g for 10 min, the supernatant recovered, and the resulting head pellet washed twice by resuspension and centrifugation in TBS before the next extraction step. The first extraction step solubilizes proteins associated with the retained IAM [27] while the second extraction step extracts ionically bound PT proteins [11] . The last extraction step, of interest to this study and referred to as alkaline extraction, releases the covalently attached PT proteins that make up the bulk of the PT [10, 16] . The supernatant obtained from the extraction steps was then dialyzed and lyophilized for SDS-PAGE analysis.
SDS-PAGE, Western Blotting, N-Terminal Sequencing and Immunoblotting
The alkaline extract was solubilized in sample buffer (2% SDS, 5% bmercaptoethanol, 50% glycerol) for 10 min at 1008C and run on a 4.5% stacking and 15% polyacrylamide running gel. Approximately 10 lg of protein was loaded in each lane, and in the case of preparative gels, about 250 lg of protein was loaded, both with the addition of the low molecular weight standards (Pharmacia Electrophoresis Calibration Kit, Piscataway, NJ). Electrophoresis was at 120 V for 4 h in Tris-glycine buffer (2.5 mM Tris, 192 mM glycine, and 0.1% SDS). The electrophoresed protein was transferred to polyvinylidene difluoride (PVDF) membrane (0.45 lm pore size; Millipore, Mississauga, Canada) according to the technique of Towbin et al. [28] . The transfer was carried out at 250 mA for 4 h using a Hoefer Transphor Apparatus (Hoefer Scientific Instruments, San Francisco, CA). PVDF membrane strips were then rinsed in distilled H 2 O and either stained with Coomassie brilliant blue or used for immunoblotting. The Coomassie blue-stained band of interest was cut out from the Western blot and N-terminal sequenced by Edman degradation at the Sheldon Biotechnology Center (McGill University, Montreal, QC). For immunoblotting, strips were washed in TBS solution with 0.5% Tween-20 (TBS-Tween) and then blocked with 10% normal goat serum (NGS) in TBS before incubation in primary antibody for 2 h. After incubation, the strips were washed in TBS-Tween five 3 5 min and then incubated in secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit immunoglobin G, Sigma) for 1 h at the concentration of 1:1000 in TBS. Next, the strips were rinsed five 3 5 min in TBS-Tween. Antibody binding was visualized using SuperSignal West Pico Chemiluminescent kit (Perbio, Helsingborg, Sweden) and exposing x-ray film to the strips.
Antibody Production
Immune serum against the alkaline PT extract was raised in rabbits and then affinity purified on the designated 24-kDa band that had been cut out from preparative Western blots, as previously described by Oko and Maravei [6] . This polyclonal antibody preparation was designated as anti-PT24. Two different anti-RAB2A polyclonal antibodies (P19 and Q13), generated against synthetic oligopeptide sequences from within the unique C-terminal region of RAB2A, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Immunohistochemistry
Testicular sections, from testes that had been perfusion fixed in Bouins and embedded in paraffin, were deparaffinized in xylene and hydrated through a graded series of ethanol solutions. During hydration, the sections were treated to abolish endogenous peroxidase activity, to neutralize residual picric acid, and to block free aldehyde groups (see Oko et al. [29] for details of the technique). Once hydrated, the sections were blocked with 10% NGS in TBS for 15 min, incubated in primary antibodies overnight at 48C, washed in TBS containing 0.1% Tween-20 (four 3 5 min), blocked in 10% NGS in TBS, and incubated with goat anti-rabbit IgG conjugated to peroxidase (Boehringer Mannheim, Germany) in TBS (1:250) for 1 h. After an extensive washing in TBS containing 0.1% Tween-20, peroxidase reactivity of the sections was tested by incubating the sections with 0.03% hydrogen peroxide and 0.05% diaminobenzidene tetrahydrochloride in TBS containing 0.1 M imidazole, pH 7.6, for 10 min. The sections were then washed with double distilled H 2 O, counterstained with 0.1% filtered methylene blue, and immersed in tap water for 5 min. Following stain differentiation, the sections were dehydrated, cleared in xylene and mounted with coverslips using Permount.
Immunogold Labeling
Ultrathin testicular sections, from testes that had been perfusion fixed with 0.8% glutaraldehyde and 4% paraformaldehyde in 100 mM phosphate buffer containing 50 mM lysine, pH 7.4, and embedded in LR White (Canemco Inc., St. Laurens, Quebec), were mounted on 200-mesh formvar-coated nickel grids and floated, tissue side down, on drops of a staining series. They were blocked with 10% NGS in TBS for 15 min, incubated with primary antibody for 2 h at room temperature or overnight at 48C, washed five 3 5 min with TBS-Tween, blocked as above for 15 min, and incubated with 10-nm colloidal goldconjugated goat anti-rabbit IgG (diluted 1:20 in TBS) for 90 min. The grids were then washed three 3 5 min in TBS-Tween and two 3 5 min in double distilled H 2 O before being dried. Finally, the sections were counterstained with uranyl acetate and lead citrate, washed in double distilled H 2 O, dried, and examined under a Philips 300 electron microscopy.
Mass Spectrometry
The alkaline PT extract was run on SDS-PAGE and the Coomassie-stained 24-kDa band was excised using a razor blade, cut into small 1 mm cubes, and washed in destaining solution (10 ml methanol, 9 ml H 2 O, and 1 ml acetic acid) overnight. Gel pieces were then dehydrated in 200 ll of acetonitrile, reduced in 10 mM dithiothreitol, alkylated in 100 mM iodoacetamide, dehydrated again, rehydrated in 100 mM ammonium bicarbonate, dehydrated, and trypsinized in 50 mM ammonium bicarbonate containing 20 ng/ll of trypsin. The gel pieces were centrifuged for 30 sec, the trypsin solution decanted, 5 ll of 50 mM ammonium bicarbonate added, and gel pieces centrifuged and left to digest overnight. To extract the tryptic peptides, 30 ll of 50 mM ammonium bicarbonate was added and incubated for 10 min with gentle vortexing. The supernatant was collected, and two more extractions were made in 30 ll of extraction buffer (10 ml acetonitrile, 1 ml formic acid, and 9 ml H 2 O). The collected supernatants were pooled and adjusted to the appropriate volume in a vacuum centrifuge. The resulting peptide fragments were purified using Zip Tips (Millipore, Billerica, MA).
Two hundred femtomoles of tryptically digested sample was introduced into the mass spectrometer using a Waters CapLC liquid chromatography system. The stream select module, attached directly to the nano Z spray source, was configured with a trapping column (LC Packings, 0.3 3 5 mm, C18) where samples were first loaded via the autosampler and desalted. The 10-port valve was switched after 3 min, and a gradient from 7% B to 45% B (B: 95% acetonitrile, 0.2% formic acid) over 33 min was run to elute the sample from the trap to the analytical column (LC Packings, 15 3 0.075 mm, C18 PepMap). A precolumn split gave a resultant flow through the column of 250 nL/min with the pump delivering a flow of 4 ll/min. Mass spectroscopic analysis was carried out on a Q-T of Ultima GLOBAL (Waters Corporation) mass spectrometer fitted with a nano Z spray source. The instrument was calibrated over the mass range m/z 70-1400, using the collision-induced dissociation spectra of 31-fibrinopeptide B. Data-dependent acquisition was performed on the tryptic digest samples. An initial TOF-MS (time-of-flight mass spectra) survey scan was acquired over the mass range m/z 400-1600, with the switching criteria for MS to MS-MS based on ion intensity and charge state. The Q-TOF (quadrapole time-of-flight) was programmed to ignore singly charged ions and perform MS-MS on up to three coeluting species, with 1-sec integration times. Switching back into MS survey mode was triggered after a time period of 7 sec or when MS-MS intensity fell below 4 counts/sec. The collision energy used to perform MS-MS was varied according to the mass and charge state of the eluting peptide. Data for MS-MS was acquired over the mass range m/z 50-2000. MS-MS data was smoothed, centroided, and submitted to the MASCOT and Proteinlynx Global Server 2 search engines for database comparison.
RESULTS
Perinuclear Theca Protein Isolation
Sperm heads and tails were separated by sonication, and the resulting head and tail suspension was then ultracentrifuged through an 80% sucrose solution in an angle rotor to obtain a pellet on the centrifugal side of the ultracentrifuge tube (see Fig. 1 ) consisting of .99% heads (Fig. 2a ). The isolated heads were then exposed to three successive extraction steps (i.e., Triton X-100, KCl, and NaOH; see Fig. 1 ). After the detergent RAB2A INVOLVEMENT IN ACROSOME FORMATION extraction, the sperm head pellet consisted of mainly the PT surrounding the condensed nucleus (Fig. 2b) . Extraction of this pellet in high salt removed some of the PT proteins [11] , but the majority of PT proteins were extracted in the alkaline extract. This extract contained six major protein bands among many other less prominent ones when analyzed by PAGE (Fig.  2c) , as described previously by Oko and Maravei [6] . The full or partial sequence identities of the prominent PT proteins in the alkaline extract were known to us except for the 24-kDa band (asterisk, Fig. 2c ), termed PT24, the subject of this study.
Amino-Terminal Protein Sequencing, Immunoblotting, and Immunogold Labeling Utilizing Anti-RAB2 Antibodies
The PAGE-resolved protein bands in the PT alkaline extract were Western blot transferred to PVDF membrane, and the 24-kDa band was excised and N-terminal sequenced by Edman degradation. The deduced sequence, SYQYPFKYII, when compared to the National Center for Biotechnology Information (NCBI) protein databank, was similar to the N-terminal sequence of RAB2 protein subfamily members, especially to RAB2A. Consequently, two commercial antibodies specific for RAB2A, P19 and Q13, were tested and were found to react exclusively with the 24-kDa band of the bull sperm head alkaline extract (Fig. 2d, lanes 2 and 4) and also with a protein band in Western blots of whole bull, mouse, and porcine sperm (Fig. 2d, lanes 5 to 7) and testis preparations (not shown), suggesting that PT24 is most likely a bull RAB2A orthologue. The specificity of the anti-RAB2A(P19) antibody was ensured by blocking its reactivity on Western blots with the oligopeptide it was raised against (Fig. 2d, lane 3) . Because the commercial RAB2A antibodies were too dilute to use routinely for immunogold labeling at the electron microscope level and too costly to concentrate, we prepared a polyclonal serum against the whole alkaline PT extract, which was then selectively affinity purified on preparative Western blotisolated PT24 protein. This anti-PT24 serum labeled identically to anti-RAB2A(Q13 and P19) antibodies on Western blots of PT extracts and sperm (not shown), and was used to immunogold label the SAL of the PT in mature spermatid and epididymal sperm sections (Fig. 3, a-c) . Immunogold particles were also found adjacent to or on the IAM, suggestive of a developmental association with the acrosome. Little to no labeling was found elsewhere, including the postacrosomal region of the PT (Fig. 3) . This same immunogold labeling pattern, although considerably weaker, was confirmed with anti-RAB2A(P19) serum (not shown).
Mass Spectrometric Identification of PT24
In order to confirm that PT24 was indeed RAB2A and not RAB2B or a new subfamily member, PT24 was excised and extracted from polyacryamide gels, digested with trypsin, and analyzed by MALDI (matrix-assisted laser desorption/ionization)-TOF mass spectrometry. The peak list generated from this analysis was used for database searches using the Mascot 
FIG. 4.
Sequence relationship of bull PT24 (colored regions) to bovine, human, and mouse RAB2A (bRAB2A, hRAB2A, and mRAB2B, respectively). PT24 fragments with mass-to-weight ratios and sequences matching fragments from RAB2A are shown in red (MALDI-TOF and Q-TOF), blue (Q-TOF only), and green (MALDI-TOF only). Error-tolerant searching indicated that residues 2 and 183 (indicated by asterisks) are replaced by threonine and aspartic acid, respectively, in the sequence of PT24, which most likely reflect an intraspecies allelic variation and a posttranslational modification incurred during processing, respectively. The amino acid sequence variation between bull, human, and mouse RAB2A and RAB2B are shown in brown. Note that although the provisional sequence of bull RAB2A, supplied by NCBI, has an omission of 23 amino acids, a large part of this omitted sequence is covered for by our mass spectrometric analysis of bull PT24. For detailed MS data, see Supplemental Figs. 1-4 (available online at www.biolreprod.org).
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search engine available through the Matrix Science web site. Of three separate samples analysed, all returned members of the RAB2 subfamily as the top matches, with RAB2A (human, mouse, and rabbit) consistently identified as the top match. At the time of this analysis, the bull RAB2A sequence was listed by NCBI as provisional (NM_001075354 and XM_585141) and did not surface in the Mascot and Proteinlynx Global Server2 search. However, the provisional sequence, not counting a 23 amino acid omission, differs from the human and rabbit RAB2A sequence by only 1 amino acid substitution and from mouse RAB2A by 4 amino acid substitutions, all substituitions being at the C-terminal end (see Fig. 4 ). In all the cases, significant matches were only identified within the RAB2A subfamily. The best match with MALDI-TOF, identified a 48% sequence coverage between PT 24 and RAB2A (Fig. 4 and Supplemental Fig. 1, A and B , available online at www.biolreprod.org). This match received a Mowse score of 88, which is considered significant because it is above the cutoff value of 66 (Supplemental Fig. 1C) .
Q-TOF mass spectrometry, which in addition to identifying the mass of peptides also provides their sequence, confirmed the results of the MALDI-TOF but extended the sequence similarity of PT24 and RAB2A (Fig. 4) . Mascot searches identified RAB2A (human, mouse, and rabbit) as the best match for PT24, identifying 61% coverage between sequences (Supplemental Fig. 2, A and B) . This top match was further searched using error-tolerant searching to look for possible matches with single amino acid substitutions. This strategy increased the sequence identity between RAB2A and PT24 to 72% (Fig. 4) by identifying two additional peptides with potential single amino acid substitutions (Supplemental Figs. 3  and 4) . The first fragment identified with error-tolerant searching was from residue 2-8, with residue 2 (alanine) replaced by threonine. The second fragment was from residues 151-186, with a substitution at residue 183 (asparagine to aspartic acid). Because bull, human, mouse, and rabbit RAB2 subfamily members all have asparagine at residue 183 (see Fig.  4 ) and because deamidation of asparagine to aspartic acid is a common posttranslational modification encountered when handling proteins, it is possible that the substitution at residue 183 could be a chemical artefact of MS processing. Because alanine at residue 2 was found in the provisional sequence of RAB2A INVOLVEMENT IN ACROSOME FORMATION bull RAB2A, its substitution to threonine in PT24 may represent intraspecies allelic variation.
The C-terminal region of RAB2A, comprised of 26 amino acids from the last tryptic digestion site, was not detected when analyzed by mass spectromentry. This sequence extends from the hypothetical trypsin cut site of RAB2A at lysine-186 to its C-terminus and is over 3 kDa, which makes it less likely to be observed by either MALDI-TOF or Q-TOF MS, compared to lower mass fragments. In addition the C-terminus is known to be prenylated in RAB family members, which could further reduce its ionization efficiency. However, the 72% sequence identity between PT24 and RAB2A strongly suggest that PT24 is the bull RAB2A orthologue, especially on consideration that there are only two RAB2 subfamily members in the human and mouse genomes (the sequence of bull genome being not yet fully resolved) and that anti-RAB2A specific antibodies generated against the unique C-terminus of RAB2A detected PT24.
Developmental Characterization of PT24
Both the anti-RAB2A(P19) and anti-PT24 antibodies showed a similar pattern of immunoperoxidase localization on paraffin-embedded bull testicular sections (Figs. 5 and 6, respectively) as well as in mouse, rat, swine, and human testes (not shown). Immunostaining was most evident during spermiogenesis in association with the developing acrosome. Immunoperoxidase staining formed a dense halo around the forming proacrosomic and AVs during the Golgi phase of spermiogenesis (stages I-III) in steps 1-3 spermatids (Figs. 5a  and 6b ). Because the vesicles appeared clear in their centers and RAB proteins are cytosolic, the ring-like immunostaining most likely signifies RAB2A on the surface of the acrosomal membrane. During the cap phase of spermiogenesis (stages IV-VII), the immunoperoxidase staining expanded and intensified in association with the growing acrosome cap, but the staining in this phase was normally too intense to distinguish the protein's exact relationship with the acrosome (Figs. 5b and 6b) . However, changing the setting of the condenser lens, while retaining the same focal plane of the image provided evidence that RAB2A staining is on the periphery of the acrosome cap rather than in its contents (Fig.  6, b-d) , which was later confirmed by electron microscopy. The immunostaining remained associated with the acrosome in elongating and elongated spermatids throughout the second half of spermiogenesis; see elongating spermatids in stages IX and XI of the bovine cycle of the seminiferous epithelium (Figs. 5 and 6a) .
In order to verify RAB2A's association with the membrane of the developing acrosome, immunofluorescence and immunogold labeling were used on paraffin-and LR White- 228 embedded testicular sections, respectively, utilizing the anti-PT24 antibody. Figure 7a provides the resolution that was attainable by immunofluorescence. It was impossible to distinguish whether RAB2A's association with the expanding spermatid acrosome is luminal or cytosolic. In contrast, electron microscopy of Golgi phase (Fig. 7b ) and cap phase (Fig. 7c) spermatids indicated that the antigenicity (as detected by the colloidal gold particles) was on the acrosomal membrane surface. This association was expected because RAB2 subfamily members are prenylated in order to form a covalent attachment with the cytosolic side of vesicular membranes. However, as the spermatid elongated, immunolabeling was lost along most of the surface of the OAM but remained on the IAM surface and in the SAL of the PT (Figs.  7d and 3a) . In addition to the subacrosomal region, immunolabeling remained in association with the surface of the OAM in the equatorial region of the spermatid (Fig. 7e) and spermatozoa (Fig. 3, b and c) . For a diagrammatic summary, refer to Fig. 8 .
DISCUSSION
This study was undertaken to identify and developmentally characterize a 24-kDa, alkaline (NaOH)-extractable protein (PT24) of the sperm PT. It should be emphasized that PT24 is a prominent member of the PT along with six other proteins, two of which have been identified as calicin [30] and SubH2Bv [10] . Amino-terminal sequencing by Edman's degradation and MALDI-TOF and Q-TOF MS analyses of PAGE-isolated PT24 revealed that it is a RAB2 subfamily member. Because there are only two RAB2 subfamily members and 72% of PT24's sequence was identified as belonging to RAB2A (by Q-TOF MS analysis), we conclude that PT24 is the bull RAB2A orthologue. The utilization of two anti-RAB2A antibodies that specifically labeled PT24 on Western blots of PT extracts further substantiated this conclusion. These antibodies recognize different epitopes in the C-terminal segment of RAB2A, the region of PT24/RAB2A (27 amino acids long) that was undetectable by MS analysis in this study and where the sequences of RAB2A and RAB2B completely differ. Therefore, together, the MS-MS analysis (covering 72% of PT24) and RAB2A immunoreactivity of PT24 (covering the Cterminal segment) account for almost full coverage of the RAB2A sequence with the conclusion that PT24 is RAB2A.
RAB proteins are a subgroup of the Ras superfamily that were first identified as four members in the brain [31] . Presently, the RAB family has expanded to include over 60 members in the human genome [32] , becoming the largest branch of the Ras-related family of low-molecular weight GTPbinding proteins. Since their discovery, RAB proteins have emerged as essential regulators of vesicular transport pathways [33, 34] . RAB proteins are involved in many stages of vesicular transport including vesicle formation, actin-and tubulindependent vesicle movement, and targeting to and fusion with membranes [35] . They are able to accomplish a diverse set of functions by interacting with a multitude of effectors. Unlike RAB proteins, which share a common structure, RAB effectors show structural heterogeneity, indicating that these specialized proteins are exclusively designed for specific transport tasks [36] . It is through this diverse set of effectors that RAB GTPases can exert regulatory control over many diverse aspects of vesicular transport. When RABs are first produced, they are prenylated by the addition of one or two 20-carbon geranylgeranyl moieties to the protein's carboxyl terminus [35] , which are used to anchor the RABs into membranes. However, the geranylgeranylation is a common feature of all RABs and therefore cannot account for the organelle-specific targeting of RABs. It was initially thought that the hypervariable C-terminal domain of the RAB protein determines the cytosolic membrane domain to which it becomes anchored [37] . More recently though this concept has been questioned as exchange of the hypervariable domains between various RAB members including RAB1A, RAB2A, RAB5A, RAB7, and RAB27A was shown not to effect their organelle-specific targeting [38] . It was concluded that multiple targetingdetermining regions and factors contribute to the specificity and regulation of RAB recruitment and localization [39] .
Utilizing commercially purchased RAB2A-specific antibodies as well as one antibody that we raised and affinity purified against isolated PT24, we confirmed the identity of the 24-kDa band in the alkaline PT extract and immunolocalized PT24 at the ultrastuctural level exclusively to the subacrosomal/outer periacrosomal regions of the PT in spermatozoa. Figure 8 summarizes our developmental study showing that RAB2A is closely associated with the cytosolic side of the acrosomal membrane from the beginning to the end of acrosomal biogenesis (steps 1 to 8 of bull and mouse spermiogenesis). It follows a pattern of acrosomal membrane interaction characteristic of PT proteins that become subacrosomal residents such as SubH2Bv [10, 13] . In our immunocytochemical ultrastructural study, the concentration of glutaraldehyde in the seminiferous epithelium was sufficient for membrane resolution and antigenic determination of the forming acrosomal membrane in the proacrosomic and AVs but not for resolution of the very small secretory vesicles originating from the trans-aspect of the Golgi apparatus. Since these small vesicles are responsible for acrosomal growth during the Golgi and cap phases of spermiogenesis [17, 21, 22] , one can presume that RAB2A is transported to the acrosomal membrane via these vesicles that continually fuse with and enlarge both the proacrosomic and AVs. In fact, because RAB proteins are required for vesicular transport and fusion, RAB2A's localization on the acrosomal membrane during acrosome formation implies that its function is to regulate the transport and fusion of small secretory vesicles to the growing proacrosomic and AVs and to ensure their fusion. RAB2A's abundance also suggests that it is most likely the major RAB protein involved in regulating vesicular transport to the growing acrosome during spermiogenesis.
RAB2A's retention in the subacrosomal region of elongated spermatids could be vestigial, that is, once its purpose in acrosomal biogenesis is fulfilled, it gets trapped between the IAM and NE. However, in this position, it is also well situated as a candidate protein for being part of the PT protein complex, along with SubH2Bv, that binds the acrosome firmly to the nucleus. In fact, the geranylgeranyl moieties that are normally covalently attached to RAB2A's carboxyl terminus most likely serve in its anchorage to the acrosomal membrane. RAB2A's resistance to detergent extraction and well as its immunogold localization to the region spanning the IAM and NE indicate that, in addition to its association with the acrosomal membrane, it is an integral part of the mature PT whose purpose in spermatozoa is to stabilize the acrosome.
RAB2 proteins are typically found between the cis-Golgi saccule and the endoplasmic reticulum [35] . In this cytosolic location, they are normally involved in orchestrating both anteograde and retrograde transport between these two membrane compartments [40, 41] . RAB2A's localization to the medullary region of the Golgi apparatus and to the growing acrosomal membrane deviates from the predicted vesicular pathway of RAB2 subfamily of proteins. There could be a couple of explanations for this change in polarity and RAB2A INVOLVEMENT IN ACROSOME FORMATION specificity in selection of membrane domains by a RAB2 subfamily member. A possiblity is that RAB2A could combine with a different set of effectors in the germ cell than it would normally interact with in the somatic cell. However, such an explanation presupposes that the effectors play a role in determining membrane specificity, which as far as we are aware has not yet been shown. Consideration should also be given to the difference in orientation or cellular polarity of the Golgi apparatus in the spermatid versus the somatic cell. Normally the trans-face (concave region) of the Golgi apparatus is orientated to the cytoplasmic membrane of the cell, in the direction secretion occurs, but in round spermatids, the trans-face of the Golgi faces the NE for the main purpose of secreting the acrosome that attaches to the NE, an endoplasmic derivative. It is possible that RAB2 proteins accommodate somehow to the change in secretory direction in spermatids by regulating a different vesicular transport route than normal.
The immunofluorescent localization of RAB5 and RAB7 in close association to the forming acrosome [42] has led to the proposition that the endocytic as well as lysosomal pathways may contribute to the formation of the acrosome [43] . This claim is based on the evidence that in somatic cells RAB5 and RAB7 are involved in regulating the fusion of early and late endosomes, respectively, [44] [45] [46] [47] the latter being also implicated as the key RAB in lysosomal biogenesis [48] . In contrast to RAB2A (which remains a prominent protein of the sperm head as found in this study), neither RAB5 nor RAB7 are associated with the fully formed acrosome or head in late spermatids [43] , indicating that RAB2A is most likely the major RAB protein involved in vesicular trafficking from the trans-Golgi network to the acrosomal membrane domain during acrosome formation. Our localization of RAB7 (not shown) indicates that it is confined to the Golgi apparatus during spermiogenesis with little indication that it associates with the forming acrosome. In fact, our data indicate that RAB7 does not even associate with multivesicular bodies (MVB) (unpuplished data), which form in the vicinity of the Golgi-acrosome complex [49, 50] . Interestingly, by utilizing lysosomal markers such as anti-prosaposins and anti-cathepsin antibodies, there is little indication that these MVBs become lysosomes and that lysosomes are even present in spermatids; adjacent Sertoli cells were used as positive controls (results not shown). The MVBs formed during spermiogenesis appear not to transform into lysosomes and are eliminated in the spermatid residual body at the end of spermiogenesis. Therefore, before conclusions are drawn as to endocytic and lysosomal contributions to acrosomal biogenesis, a much more in-depth analysis of these two pathways in the spermatids is needed.
Another RAB family member, RAB3A, has been detected in the vicinity of the mature acrosome in human spermatozoa and implicated in the regulation of calcium-triggered acrosomal exocytosis [51] . However, its origin or the nature of its association with the developing acrosome during spermiogenesis is not certain. Although it is detected in proximity to the mature acrosome of mouse spermatozoa, it was not found associated with the developing acrosome in either round or elongating spermatids but rather on the manchette microtubules, leading the investigators to speculate that RAB3A may be transported to the acrosome region late in spermiogenesis [42] . Our mass spectrometric and N-terminal sequence analysis of a major 24-kDa band in the PT alkaline sperm extract only revealed a RAB2A member, indicating that RAB3A may be in the more soluble sperm head fraction. It is possible, therefore, that RAB3A is localized between the OAM and sperm head plasmalemma, which would be a strategic location for regulation of the acrosome reaction.
Utilizing a polyclonal antibody produced against recombinant RAB27A [52] , Kierszenbaum et al. [53] found immunofluorescence reactivity to this antibody over the AV and growing acrosomic cap, suggesting that this member of the RAB family may also be involved in vesicle transport to the growing AV. However, sequence comparison between RA-B27A and RAB2A show at least two regions where antigenic epitopes could be shared between these proteins, and, thus, confirmation of RAB27A's involvement in acrosome growth will depend on the utilization of a sequence-specific antibody. Our localization of two prominent and permanent sperm SAL-PT proteins, RAB2A (this study) and SubH2Bv [10] on the surfaces of proacrosomic and AVs, before and after acrosomalnuclear docking occurs, suggests that these proteins are transported to the subacrosomal space by piggybacking on these vesicles. In fact, a polyclonal antibody made against the whole PT extract, which was antigenic against all six prominent PT bands, also exclusively labeled the cytosolic surface of proacrosomic and AVs [7, 13] , arguing that most likely all the SAL-PT proteins reach the subacrosomal space by this route. This mode of transportation suggests that these proteins are most likely involved in different aspects of acrosome biogenesis such as regulating vesicular transport and fusion in the case of RAB2A and in the nuclear attachment and spreading of the growing AV in the case of SubH2Bv [10] . These SAL-PT proteins are never seen to form a cytoskeletal plate on the nuclear membrane in preparation for the attachment of the AV, a concept proposed by Kierszenbaum et al. [54] . These investigators provided immunocytochemical evidence of an F-actin-and keratin (SAK57)-containing plate, designated the acroplaxome, which lies on the nucleus and was suggested to be a precursor for docking of Golgi-derived myosin Va/RAB27A/B-containing proAVs [53, 54] . Contrary to their report, we were unable to confirm the presence of actin in the subacrosomal space of Golgi and early cap phase rat spermatids [55] and mouse and bull spermatids (Oko and Mountjoy, unpublished data), although we began to localize actin in the subacrosomal space of late cap phase murid spermatids. In fact, even in their study, Kierszenbaum et al. [54] only documented actin labeling in the subacrosomal space of late cap phase spermatids but not during the transition of the Golgi and cap phases when acrosomal-nuclear docking first occurs. Since several earlier investigations have immunolocalized actin in the subacrosomal space of Golgi and early cap phase spermatids, from a variety of mammalian species including mice and rats [56] [57] [58] , it may indeed be present during these early phases. However, colocalization of actin with SAK57 in the acroplaxome of Golgi and early cap phase spermatids is needed to substantiate actin's acroplaxome involvement in the initiation of acrosome-nuclear docking. Interestingly, SAK57, a keratin ortholog that was previously localized to three different structures in the spermatid, i.e., outer dense fibers, fibrous sheath, and microtubular manchette [59] , was reported to be a transient component of the acroplaxome [54] and, therefore, would not be expected to show up in immunoblots of spermatozoa or PT sperm head extracts. The acroplaxome's transience argues in favour of the SAL-PT proteins, which originate at the beginning of Golgi phase and are retained in the subacrosomal compartment of spermatozoa, as providing the structural lattice for the attachment of the acrosome to the NE.
In summary, our study identifies a RAB2 subfamily member, RAB2A, as one of the prominent proteins underlying the acrosome of mature spermatozoa. This protein originates on the trans-aspect of the Golgi apparatus during acrosome development and interacts with the cytosolic side of the 230 forming acrosomal membrane. This distribution pattern deviates from predicted vesicular pathway of RAB2 proteins between the cis-saccule of the Golgi apparatus and the endoplasmic reticulum. It indicates that RAB2A is most likely involved in the regulation of vesicular trafficking from the trans-Golgi network to the acrosomal membrane. Because RAB2A surrounds the AV as it attaches and spreads over the NE, it becomes trapped as a SAL component of the PT, where it remains in mature spermatozoa and may assist the SAL-PT protein complex in attaching the acrosome to the nucleus.
